Multi-Objective Optimization has been applied to a design problem of the twin engine concept for Silent Supersonic Business Jet (SSBJ). This problem aims to find main wing, body, tail wing and engine nacelle configurations, which can minimize both sonic boom and drag in a supersonic cruising flight. The multi-objective genetic algorithm (MOGA) coupled with the Kriging model has been used to globally and effectively search for optimal design candidates in the multi-objective problem. The drag and the sonic boom have been evaluated by the computational fluid dynamics (CFD) simulation and the waveform parameter method. As a result, the present optimization has successfully obtained low-boom and low-drag design candidates, which are better than the baseline design by more than 40 % regarding each performance. Moreover, the structure of design space has been visualized by the self-organizing map (SOM).
Introduction
The Concorde, which was the first supersonic transport (SST) all over the world, flied for the first time in 1969. At that time, it was thought that the SST would be the mainstream of the long-distance transportation. However, the Concorde ceased its service due to economical and environmental problems. There were two serious problems; one was low aerodynamic performance due to large wave drag and the other was "sonic boom". Sonic boom is a strong noise occurring when shock waves propagate from the supersonic aircraft to the ground.
In modern society, the time for business has become valuable increasingly, and thus the needs of high-speed transportation have been encouraged again. Based on such backgrounds, many researches of new supersonic aircrafts for the next generation have been performed in many countries. (1, 2) The main objective in the supersonic aircraft researches is to reduce both sonic boom and drag in a supersonic flight. The Japan Aerospace Exploration Agency (JAXA) has proposed and investigated the silent supersonic technology demonstrator (S 3 TD) concept shown in Fig. 1 . (3) It places a single engine over its fuselage so as to block off shock wave propagation from the engine nacelle to the ground and reduce the sonic boom. However, this concept has technical problems, such as difficulties in engine's air capturing, engine maintenance and Vol. 3, No. 4, 2008 flight control. This study focuses on a conventional configuration for the supersonic business jet (SSBJ) as shown in Fig. 2 , which locates twin engine nacelles under its main wing. Compared to the JAXA's concept, this configuration is more feasible to operate as an aircraft (no need for the afterburner, the redundancy in the emergency state of engines, the easiness of the maintenance), but more difficult to avoid strong sonic boom induced by the engine nacelles in a supersonic flight. Therefore, it is needed to investigate feasibility to reduce the sonic boom as well as drag in such a configuration.
For the twin engine version of SSBJ, this study performs multi-objective optimization to find feasible configurations of each component (main wing, body, tail wing and engine nacelles), which can realize low boom and low drag simultaneously. The multi-objective genetic algorithm (MOGA) coupled with the Kriging model is used for an efficient and global search for optimal design candidates. The sonic boom and drag are evaluated using the computational fluid dynamics (CFD) simulation and the waveform parameter method. Then, the output data of the multi-objective optimization are analyzed using the self-organizing map (SOM) to obtain important design information about a low boom and low drag SSBJ. 
Optimization Problem Definition
This study optimizes the design of the twin engine SSBJ concept in the cruising conditions listed in Table 1 . The angle of attack is suitably adjusted so as to achieve the specified value of lift coefficient (C L = 0.06). The present design problem considers three objective functions to be minimized as follows:
• C Dp (pressure drag coefficient)
• |∆Pmax| (positive ground pressure peak in absolute value) • |∆Pmin| (negative ground pressure peak in absolute value) where ∆P is relative pressure to ambient pressure (see Fig. 3 While it has been reported that the front shock reduction in a sonic boom can be realized empirically (4) , the rear expansion reduction has not been realized. So in order to investigate the capability of both the front shock and the rear expansion reduction computationally, |∆Pmax| and |∆Pmin| have been applied as independent objective functions in this study. The main wing shapes, the front/rear-lower fuselage shapes, and the twist angle distribution are defined by the non-uniform rational B-spline (NURBS) curves. The three-dimensional main wing geometry is generated by linearly interpolating the two-dimensional airfoil shapes given at the four semispan sections. Total number of the design variables is 69. In addition, the following two constraints are considered for geometric feasibility.
• The airfoil at 0% semispan section must be located inside the fuselage • The rear-lower fuselage must have a large tail down angle not to hit against a runway during take-off
Numerical Methods

Aerodynamics Evaluator
The first objective function C Dp is evaluated by the computational fluid dynamics (CFD) simulation. The three-dimensional compressible Euler equations are solved using the Tohoku University aerodynamics simulation (TAS)-Code (5) (6) (7) . TAS-Code is a finite volume cell-vertex scheme, which uses HLLEW Rieman solver for the numerical flux computations, Venkatakrishnan's limiter for reconstructing second order accuracy, and LU-SGS implicit time integration method. This code adopts unstructured grid system which can adapt well to complex geometries. Giving the design variable values, the CFD mesh is automatically generated as the following steps (see Ref. 5 for details of steps 2~5).
1. Generate surface data of each component (main wing, fuselage, horizontal tail, and engine nacelle) 2. Extract and remove interfering geometries among all the components 3. Combine all the component surface data 4. Generate unstructured surface mesh by the advancing front method 5. Generate unstructured volume mesh by the Delaunay triangulation method
As for the other objective functions |∆Pmax| and |∆Pmin|, ground sonic boom is estimated by the waveform parameter method. (8) In this estimation, the pressure distribution below the fuselage by one fuselage length, which is obtained from the above CFD simulation, is used as an input.
Optimizer
The CFD analysis needs a large amount of computational time (approximately more than a day for a single run in this study). In such a case, it is undesirable to directly use the CFD simulation for objective function evaluation during the optimization. Consequently, the response surface method (RSM) is employed in this study. The RSM approximates objective functions in simple algebraic forms (called response surfaces) so as to fit several sample points where real objective function values are given, thus it can reduce the function evaluation time drastically. In this study, the Kriging model (9) is adopted as the RSM, because it can approximate nonlinear objective functions with high precision. On the response surfaces, optimal solutions are searched for by the multi-objective genetic algorithm (MOGA) (10) , (11) . In the optimization coupled with the Kriging model, "expected improvement (EI)" values of each objective function are used as optimization measures, instead of the original objective functions. The EI value indicates probability of being improved from the current optimum. Therefore, global optimum solutions are searched for in a stochastic manner by maximizing the EI values in the Kriging model. The flowchart of this optimization is illustrated in Fig. 6 . First, the Latin hypercube sampling (LHS) (12) is performed to uniformly select initial sample points in the whole design space for response surface construction. Then, the objective function values at each initial sample point are evaluated by the CFD simulation, and response surfaces of each objective function are constructed by the Kriging model. On the response surfaces, non-dominated solutions are searched for by maximizing the EI values of each objective function. After the optimization, additional sample points are selected from the non-dominated solutions by the K-means method (13) , and their objective function values are evaluated by the CFD simulation. Adding these points to the initial sample points, response surface are reconstructed. Iterating the above operations, improvement in response surface accuracy and the exploration of global optima can be achieved effectively at the same time. 
Optimization Results
In this study, the response surfaces were updated four times, and a total of 116 initial and additional sample points were generated by the CFD simulations.
First, the objective function values of all the sample points are plotted in Fig. 7 . It shows that all the objective function values were improved (became smaller) as the response surfaces were updated. In addition, it shows the trade-offs between C Dp and |∆Pmax|, and C Dp and |∆Pmin|, while there exists no trade-off between |∆Pmax| and |∆Pmin|.
Among the sample points, two extreme solutions (minimum sonic boom solution and minimum drag solution) are picked and discussed here. The former has smaller |∆Pmax| and |∆Pmin| and the latter has smaller C Dp than the baseline design by more than 40 %. The details of these extreme solutions are described in the following Sects. 4.1 and 4.2, respectively. Next, the geometries of the minimum boom solution are shown in Fig. 9 ; (a) main wing airfoil shapes at different semispan sections, (b) spanwise twist angle distribution of main wing, and (c) front view of whole aircraft, where X, Z and η are the chordwise, vertical and semispanwise coordinates, respectively. Figure 9 (a) shows that the surfaces near the leading edges swell greatly at 10~20 % semispan sections, and Fig. 9 (b) shows that the inner wing has a negative value of twist angle, which means the wing twists down there. These factors lead to strong expansion waves in front of the engine nacelles. In addition, Fig. 9(c) shows that the inner wing has a large dihedral angle. It makes the shock waves from the engine nacelles diffuse radially, and thus reduces the ground sonic boom. Furthermore, both the deflection angle of the horizontal tail and the twist angle of the outer wing are large. This is because the horizontal tail and the outer wing need to produce large lift, because the inner wing with twist down angle cannot produce sufficient lift. Figure 10 shows the pressure contour plots on the symmetry plane and the pressure profile below the aircraft of the minimum boom solution. The positive peak around X = 14 Vol. 3, No. 4, 2008 [m] corresponds to the shock wave from the engine nacelle, and the negative peak around X = 12[m] corresponds to the expansion wave from the lower wing surface. This expansion wave weakens the shock wave from the engine nacelle. This is the main reason why the inner wing twists down in the minimum boom solution. Figure 11 shows the minimum drag solution; (a) main wing airfoil shapes at different semispan sections, (b) spanwise twist angle distribution of main wing, and (c) front view of whole aircraft, where X, Z and η are the chordwise, vertical and semispanwise coordinates, respectively. Compared to the minimum boom solution, the minimum drag solution has a smaller twist down angle at the inner wing to reduce the frontal projected area, and thus makes drag smaller. In addition, this inner wing does not sacrifice lift generation, so the angle of outer wing and deflection angle of horizontal tail need not to be large. Therefore, it is expected that the minimum drag solution can guarantee a safer flight without tip stall compared to the minimum boom solution. 
Data Mining
To visualize features of the design space in a comprehensive manner, the all sample points were projected onto Self-Organizing Map (SOM) (14) , (15) based on the objective function values. The SOM is a visualization method of data mining, which can capsulate high-dimensional data to two-dimensional plane, so the SOM has been used to analyze the design space of a multi-objective aerodynamics design problem (16) . A given sample point keeps the same position in a SOM, and also the adjacent points in the SOM have similar trend. The SOM based on the objective function values obtained in CFD analyses of initial sample points and additional sample points is shown in Fig. 12 , where three maps are colored by three objective function values. On these maps, ☆ and ○ indicate the minimum boom solution and the minimum drag solution, respectively. This minimum boom solution ( ☆ ) was determined by considering both | Δ Pmax| and | Δ Pmin| comprehensively. In Fig. 12(a) , the solutions with low drag are located on upper right, while the ones with low |ΔPmax| and |ΔPmin| on lower right. Thus it can be understood that there is trade-off between C Dp and |ΔPmax| or |ΔPmin|, but there is no trade-off between |ΔPmax| and |Δ Pmin|. It means that |ΔPmax| and |ΔPmin| have similar trend. Next, the SOMs colored by four design variables related to each objective function value closely are shown in Fig. 13 As seen from Fig. 13(a) , it can be seen the solutions with low boom have large inboard dihedral. Also, from Fig. 13(b) and (c), effective angles of attack of those solutions are negatively large at 20% semispan section, and positively large at the tip. It means that those solutions as well as the minimum boom solution have the inner wing twisted down largely and the outer wing twisted up largely as mentioned in 4.1. On the other hand, it also can be seen that solutions with low drag have the larger angle at 20% semispan section and the smaller angle at the tip compared to the solutions with low boom. As in the case of the solutions with low boom, those solutions have the similar twist angle distribution to the minimum drag solution as mentioned in 4.2. Also, as can be seen from Fig. 13(d) , solutions with low boom have large deflection angle of the horizontal tail. They agree with the previous discussion that low-boom solution cannot generate the enough lift at the inner wing, consequently, must obtain large deflection angle at the horizontal tail. Thus, the geometric features found in each minimum solution are globally observed in the design space.
Conclusion
In this study, low-drag and low-boom optimization for the twin engine version of the SSBJ has been performed. The main wing, the fuselage, the horizontal tail, and the engine nacelle have been defined by 69 design variables in total. In the optimization, MOGA with Kriging model was used to reduce the evaluation time of the CFD analyses. As a result, several non-dominated solutions have been obtained only with 116 CFD calculations. The minimum boom solution has been improved 40 % in |ΔPmax| and |ΔPmin| compared to the baseline shape. And, the minimum drag solution has been improved 40 % in C Dp . The characteristics of these solutions are summarized as follows.
<The minimum boom solution> ⋅ The inner wing has negative twist ⋅ Twist at the wing tip is large ⋅ Deflection angle of the horizontal tail is large <The minimum drag solution> ⋅ The frontal projected area of the configuration is small ⋅ Twist at the tip is smaller than the minimum boom solution Also, the specific features of the design space in this study have been visualized by SOMs. The characteristics of the extreme non-dominated solutions itemized above correspond to the results of SOMs.
As the future works, the shape of the middle fuselage, the spanwise position of the engine nacelle, and the constraint of the center of pressure will be considered to reduce the strength of the sonic boom and the drag, as well as to improve its flight controllability.
